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The	 increase	 of	 human	 population	 and	 their	 pressures	 in	 coastal	 areas	 is	 causing	 an	
exponential	 sprawl	 of	 artificial	 structures	 in	 marine	 areas,	 leading	 to	 the	 loss	 of	 natural	
habitats.	Artificial	structures	are	characterised	by	 low	species	richness	and	a	prevalence	of	
non-native	 species	 compared	 to	 natural	 rocky	 reefs.	 Commercial	 and	 tourist	 ports	 are	
examples	 of	 artificial	 habitats.	 Little	 is	 known	 about	 the	 distribution	 and	 dynamic	 of	 the	
species	 inhabiting	 ports,	 and	 the	 factors	 leading	 to	 a	 prevalence	 of	 non-native	 species	 in	
these	habitats	are	still	not	 fully	understood.	Here,	 the	distribution	and	abundances	of	 two	
native	 (Mytilus	 galloprovincialis,	 Ostrea	 edulis)	 and	 two	 non-native	 (Xenostrobus	 securis,	
Crassostrea	gigas)	bivalve	species	that	grow	on	the	artificial	seawalls	of	the	11	km	long	canal	
port	 of	 Ravenna	 were	 assessed	 to:	 1)	 explore	 their	 distribution	 in	 different	 areas	 of	 the	
harbour,	 and	 2)	 identify	 whether	 the	 observed	 patterns	 were	 related	 to	 variations	 in	
environmental	variables	(seawater	pH,	salinity,	temperature,	dissolved	O2	and	nutrients)	or	
to	variable	supply	of	larvae	reaching	different	areas	of	the	port	and	settling	on	the	artificial	
seawalls.	 DNA	 extraction	 and	 amplification	 protocols	 were	 developed	 to	 barcode	 the	
bivalves	settlers	due	to	the	impossibility	to	identify	them	microscopically.	Results	showed	an	
increase	 of	 non-native	 species	 as	 the	 canal-port	 goes	 inland.	 Temperature,	 oxygen	 and	
nitrate	seawater	concentration	explained	most	of	the	variation	in	species	abundance	among	
sites.	 The	non-native	mussel	X.	 securis	was	associated	 to	higher	 sea	 surface	 temperatures	
compared	to	 the	native	M.	galloprovincialis.	Settler	abundances	were	clearly	correlated	to	
the	spawning	window	of	 the	species,	but	not	 to	 the	abundance	of	adults	on	 the	seawalls,	
suggesting	 a	 prevailing	 role	 of	 post-settlement	 processes.	 Future	work	 should	 explore	 the	
















































of	 the	 human	 population.	 In	 addition,	 17	 megacities	 of	 the	 world	 (cities	 or	 urban	
agglomerations	with	more	than	10	million	inhabitants)	are	located	along	the	coasts	and	have	
a	 strong	 influence	 on	 coastal	 marine	 habitats	 (Crossland	 et	 al.,	 2005;	 Von	 Glasow	 et	 al.,	
2013).	
Humans	 depend	 on	 coastal	 environments	 for	 food,	 energy,	 construction,	 transport,	
recreation	 and	many	 other	 resources	 and	 services.	Over	 the	 last	 century,	 the	 exponential	
growth	of	human	population	in	coastal	areas	and	the	related	intensification	of	activities	such	
as	 fishery,	 ship	 trading,	 oil	 and	 gas	 extraction	 and	 summer	 tourism	 has	 led	 to	 a	 loss	 of	











Nowadays,	 more	 than	 the	 50	 %	 of	 the	 natural	 coastal	 environments	 are	 transformed	 by	
some	hard	engineering	around	the	most	developed	countries	(Europe,	Asia,	USA,	Australia).	
In	Europe	around	22,000	km2	of	coasts	are	armoured,	and	concrete	dominates	beyond	50%	
of	 Italy,	Spain	and	France	shorelines	 (Figure	1)	 (European	Environment	Agency,	2006).	The	
increase	of	coastal	development	has	led	to	the	loss	of	essential	habitats	rich	in	species	and	
genetic	 diversity	 such	 as	 saltmarshes,	 seagrass	 meadows,	 rocky	 shores,	 coral	 reefs,	











Fauvelot	et	al.,	2009;	 Johannesson	and	Warmoes,	1990),	 the	presence	of	 floral	and	 faunal	







reasons	 facilitating	 non-native	 species	 in	 artificial	 habitats	 are	 not	 fully	 understood	 yet.	
Potential	explanations	include	a	variety	of	factors,	such	as:	the	high	disturbances	in	artificial	
habitats	that	often	maintain	large	amounts	of	bare	spaces	(Airoldi	&	Bulleri,	2011),	the	fact	
that	 artificial	 substrates	 usually	 are	 located	near	 anthropogenic	 sources	of	 organic	matter	
and	pollutants,	which	are	known	to	 favour	non-native	species	 (Piola	&	Johnston,	2008),	or	
their	location	near	some	of	the	most	important	entry	pathways	represented	by	ports,	where	





sea,	 facilitate	 activities	 such	 as	 transport	 (shipping	 of	 cargo,	 passenger	 ferries	 and	 cruise	
liners),	 industry	 (development	 of	 commercial	 properties	 and	 extraction/utilization	 of	
resources),	 residential	 development,	 commercial	 and	 recreational	 fishing,	 recreational	
activities	(boating	and	beach	going)	and	cultural	activities	(e.g.	festivals).	Harbour	waters	and	
sediments	 often	 become	 enriched	 with	 nutrients	 and	 pollutants	 such	 as	 heavy	 metals,	
metalloids,	and	organic	contaminants	mainly	from	industries,	losses	of	fuels	from	ships	and	
boats	and	discharge	of	 sewage	pipe	 systems.	As	a	 consequence,	physic-chemical	 variables	
such	as	sea	surface	temperature,	salinity,	dissolved	oxygen	(DO),	pH,	conductivity,	turbidity	
and	nutrient	concentration	can	result	profoundly	altered	in	harbour	environment	(Dafforn	et	
al.,	 2009).	 Changes	 in	 these	 variables	 may	 affect	 the	 growth	 and	 reproduction	 rates	 of	





Marine	 harbour	 infrastructures	 are	 characterised	 by	 flat	 surfaces,	 both	 vertical	 and	




mostly	 dominated	by	 opportunistic	 and/or	 non-native	 species	 (Chapman,	 2003;	 Richmond	
and	 Seed,	 2009).	 Since	 seawalls	 are	 constructed	 using	 human-made	 materials	 (such	 as	
concrete),	 their	 chemistry	may	 differ	 from	 natural	 rocky	 reefs	 (e.g.	 concrete	 pH	 content)	
affecting	the	type	and	number	of	species	that	can	grow	on	it	(Perkol-Finkel	and	Sella,	2014).	
Indirect	consequences	of	the	presence	of	harbour	infrastructures	can	be	the	modification	of	
environmental	 variables	 such	as	 light	 exposure,	 sediment	 load,	 currents,	 temperature	and	
other	 abiotic	 factors,	 which	 can	 evolve	 into	 more	 homogenous	 conditions	 compared	 to	
those	at	natural	rocky	reefs	(Airoldi,	2003;	Irving	and	Connell,	2002).	Moreover,	the	species	
composition	 and	 dynamic	 of	 the	 benthic	 assemblage	 in	 harbour	 environments	 can	 be	
affected	 by	 propagules	 of	 non-native	 organisms	 transported	 in	 the	 ballast	 water	 of	 ships	
(Nall	et	al.,	2015).	
Nowadays,	 there	 is	 growing	 attention	 towards	 eco-engineer	 solutions	 to	 rehabilitate	 vital	
communities	onto	artificial	marine	structures.	Building	“greener”	structures	for	example	by	
incorporating	 greater	 morphological	 complexity,	 can	 enhance	 the	 settlement	 and	
recruitment	of	 local	native	organisms.	 In	those	structures	that	mimic	the	natural	reefs	and	
shores	profiles,	we	can	appreciate	higher	 species	 richness	and	genetic	diversity	 (Glasby	et	
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caused	 the	 transport	 of	 species	 and	 their	 establishment	 in	places	where	 they	would	have	
been	 unlikely	 to	 occur	 without	 human	 intervention.	 Species	 transported	 across	 major	
geographical	barriers	by	human	activities	are	known	variously	as	alien,	non-indigenous,	non-
native,	 exotic	 or	 introduced	 (Mineur	 et	 al.,	 2012).	 Usually,	 the	 term	 invasive	 (whether	
referring	to	species,	stages,	or	populations)	relates	to	cases	that	 involve	adverse	ecological	
or	economic	 impacts.	Here,	we	use	the	term	non-native	species	 to	 indicate	species,	at	any	
stage	 in	 the	 establishment,	 outside	 their	 natural	 range	 due	 to	 both	 intentional	 or	
unintentional	human	effects	(European	Environment	Agency,	2006).	
As	anticipated	before,	 artificial	 structures	 (especially	 in	harbours	and	ports)	 facilitate	non-
native	 species	 (Bulleri	 and	 Airoldi,	 2005).	 These	 species	 can	 have	 a	 higher	 capacity	 of	
adaptation	to	adverse	environmental	conditions	and	a	higher	propagule	pressure	compared	
to	native	species	(Clark	and	Johnston,	2009).	Populations	of	native	species,	contrarily,	tend	
to	have	much	 lower	colonisation	 rates	 in	artificial	 compared	 to	natural	habitats	 (Airoldi	et	
al.,	2015).	
Significant	pathways	 for	 the	spread	of	alien	species	across	biogeographical	 regions	 include	
shipping	 (ballast	 water	 and	 hull	 fouling)	 and	 aquaculture,	 including	 stock	 transfer	 and	
unintentional	 introductions	 via	 escapes	 and	 hitch-hikers	 and	 canals	 (Mineur	 et	 al.,	 2012).	
The	 risk	 of	 transportation	 and	 introduction	 of	 non-native	 species	 is	 very	 high	 in	 harbour	
environments,	 and	 ports	 and	 marinas	 are	 recognised	 as	 significant	 invasion	 hotspots	
(Carlton,	 1987).	Hulls	 of	 boats,	 ballast	 tanks	 and	 sea	 chests	 are	 all	 known	 vectors	 of	 non-
indigenous	 species	 at	 both	 the	 larval	 or	 adult/mature	 stages.	 The	 invasion	 process	 is	
facilitated	 for	 those	 species	 that	 have	 a	 broad	 environmental	 tolerance	 because	 they	 can	
survive	the	process	of	entrainment	and	transport	(Clark	and	Johnston,	2009).	As	previously	
mentioned,	 non-native	 species	 introduced	 into	 a	 new	 habitat	 can	 exploit	 environmental	
conditions	 that	 usually	 are	 not	 suitable	 for	 the	 growth	 of	 native	 species	 (Paavola	 et	 al.,	
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2005).	 For	 example,	 in	 Japan,	Makabe	 et	 al.	 (2014)	 have	 reported	 an	 amplification	 of	 the	
jellyfish	Aurelia	aurita	blooms	following	the	installation	of	a	floating	pier	in	a	fishing	port.	In	
the	 Mediterranean	 Sea	 during	 the	 60s,	 the	 introduction	 of	 the	 non-native	 Pacific	 oyster	
Crassostrea	 gigas	 led	 to	 a	 collapse	 of	 the	 native	 flat	 oyster	 Ostrea	 edulis	with	 negative	
economic	 repercussion	 (Molnar	 et	 al.,	 2008).	 The	 non-native	 mussel	 species	 Xenostrobus	
securis	is	threatening	native	mussels	along	Spanish,	French	and	Italian	coastlines	(Barbieri	et	
al.,	 2011;	 Garci	 et	 al.,	 2007;	 Gestoso	 et	 al.,	 2016;	 Giusti	 et	 al.,	 2008;	 Lazzari	 and	 Rinaldi,	
1994).	This	species	was	introduced	via	aquaculture	activities.	
According	to	Goodenough	(2010)	(Figure	3),	non-native	species	can	have	both	positive	and	
negative	 impacts	 towards	 native	 ones.	 Positive	 impacts	 are	 intended	 to	 represent	 a	 long-
term	fitness	advantage,	leading	to	an	expansion	of	the	native	population.	Non-native	species	




(i)	 be	 predators,	 (ii)	 be	 competitors,	 (iii)	 hybridise	with	 native	 species,	 (iv)	 transport	 pests	






communities.	 Direct	 effects	 can	 concern	 alteration	 of	 the	 trophic	 chain	 (e.g.	 predation	
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and/or	 disease	 of	 native	 species	 can	 lead	 to	 reductions	 of	 the	 number	 of	 individuals	 and	
ultimately	 drive	 population	 decline	 or	 local	 extinction).	 Indirect	 ecological	 effects	 can	 be	
related	 to	 habitat	 destruction	 and	 interspecific	 competition;	while	 indirect	 genetic	 effects	
can	lead	to	inbreeding	depression,	together	with	hybridisation	and	ingression	of	genes.	The	











galloprovincialis	 in	 various	 localities	 around	 the	 world	 (South	 Africa,	 Hong	 Kong,	 Japan,	
Korea,	 southeast	 Australia,	 Hawaii,	Mexico,	 California,	Washington,	 and	 the	west	 coast	 of	
Canada)	 (Branch	&	Steffani,	2004).	Similarly,	 the	green	mussel	Perna	viridis	 (a	native	 Indo-
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Pacific	 species)	 is	 spreading	 towards	Durban	Harbour,	 South	Africa.	 Invasion	 of	 this	 green	
mussel	has	also	been	reported	along	the	coasts	of	the	British	Columbia	(Canada),	together	
with	other	species	of	molluscs,	which	used	the	recreational	boating	as	a	dispersal	vector. 
Although	the	role	of	harbours	 in	the	 introduction	of	non-native	species	 is	well-known,	few	
studies	have	explored	 the	distribution	and	 the	dynamic	of	 interaction	between	native	and	
non-native	 species	 in	 harbour	 environments	 and	 how	 their	 dynamic	 is	 correlated	 with	
environmental	 parameters.	 For	 example,	 Queiroga	 et	 al.	 (2017)	 used	 trace	 elements	
contained	 in	 the	 mussel	 Mytilus	 galloprovincialis	 to	 analyse	 the	 spatial	 and	 temporal	
variability	 of	 the	 species	 across	 a	 period	 of	 6	 months.	 They	 discovered	 a	 possible	 link	
between	 connectivity	 patterns	 of	 this	 mussel	 and	 the	 phenomenon	 of	
upwelling/downwelling	 episodes	 during	 each	 season.	 Simon	 et	 al.	 (2017)	 explored	 the	
genetic	 connectivity	 in	 species	of	Mytilus	 (M.	edulis,	M.	galloprovincialis	and	M.	 trossulus)	




Mussels	 and	 oysters	 exhibit	 a	 similar	 life	 cycle	 with	 an	 external	 spawning	 followed	 by	 a	
variable	 period	 (days-weeks)	 of	 free-swimming	 larval	 stages	 (trochophora,	 veliger,	











effect	 was	 detected	 for	 larval	 availability,	 while	 there	 was	 strong	 spatial	 variation	 in	
settlement	at	the	location	level.	They	concluded	that	the	patchiness	in	settlement	observed	
at	scales	of	100s	m	depends	on	differential	delivery,	spawning	period	of	larvae	rather	than	
their	 distribution	 offshore,	 suggesting	 that	 differential	 delivery	 is	 due	 to	 the	 effect	 of	
nearshore	 bottom	 topography	 on	 local	 water	 circulation.	 These	 processes	 are	 difficult	 to	
study	as	 the	 firsts	 stages	of	mussel’s	 species	 are	difficult	 to	 identify.	Bownes	et	 al.	 (2008)	
developed	 	 an	 identification	 method	 to	 discriminate	 between	 native	 Perna	 perna	 and	
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environment,	 with	 particular	 interest	 to	 the	 interactions	 between	 native	 and	 non-native	
species.	This	fundamental	knowledge	is	critical	to	identify	eco-engineer	solutions	minimising	
the	ecological	footprint	of	artificial	structures	in	harbour	environments.	





this	 species	 tends	 to	 spawn	 mostly	 during	 the	 winter	 due	 to	 the	 lowest	 sea	 surface	
temperatures,	and	adults	can	grow	up	to	8	cm	(Ceccherelli	and	Rossi,	1984).		
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X.	 securis	has	been	 found	 in	 the	north-western	Adriatic	Sea	since	1994	 (Garci	et	al.,	2007;	
Lazzari	 and	 Rinaldi,	 1994)	 and	 originates	 from	 Australia	 and	 New	 Zealand.	 It	 has	 a	 high	
tolerance	for	variations	in	sea	surface	salinity	and	temperature	(Wilson,	1969).	This	species	




parasite	 Bonamia	 ostreae	 carried	 by	 the	 introduced	 C.	 gigas	 for	 aquaculture	 purposes	
(Iglesias	et	al.,	2005).	C.	gigas	is	native	to	the	Pacific	coast	of	Asia,	and	has	a	spawning	period	
from	April	 to	 August	 (Massapina	 et	 al.,	 1999).	Nowadays,	 the	 abundance	 of	O.	 edulis	 has	
severely	declined	in	the	northern	Adriatic	Sea	(Beck	et	al.,	2011)	
Mussels	and	oysters	represent	the	dominant	bivalve	taxa	on	the	seawalls	bordering	11	km	
long	 canal-port	of	Ravenna,	 and	 their	distribution	 seems	 to	 change	across	 various	 sites	of	
the	 canal-port	 (Abbiati	 and	 Ponti,	 unpublished	 data).	 Variation	 in	 their	 distribution	 and	










2. Any	 observed	 difference	 is	 related	 to	 either	 co-occurring	 changes	 in	 the	 main	
















The	banks	of	the	canal	 (named	 Candiano	 canal)	 host	 various	 activities,	 including	 refiner	
petroleum	 industries,	 carbon	 and	 steel	 industries,	 agronomical	 production	 activities	 and	
energy	 power	 stations.	 The	 canal	 port	 is	 connected	 to	 the	 north	 and	 the	 south	with	 two	
surrounding	lagoons,	named	Pialassa	Baiona	(Figure	1	A)	and	Pialassa	Piomboni	(Figure	1	B)	
respectively,	which	 are	 comprised	of	 the	 southern	part	 of	 the	Po	Delta	 Park.	 The	Pialassa	







In	 the	 last	 50	 years,	 human	 activities	 have	 deeply	 modified	 the	 coast	 introducing	 large	
amounts	of	novel	artificial	hard	substrate	(breakwaters,	groynes,	jetties,	pilings	and	offshore	
platforms)	providing	both	subtidal	and	intertidal	surfaces	for	the	colonisation	of	introduced	
benthic	 organisms	 (Airoldi	 et	 al.,	 2016;	 Ponti	 and	 Airoldi,	 2009).	 The	 development	 of	 the	
harbour	has	also	affected	the	surrounding	coastal	areas,	with	the	construction	of	two	large	
converging	 jetties	 (≈	 2,400	 m	 long	 each)	 to	 protect	 the	 harbour	 doorway	 from	 siltation	
altering	 the	 sediment	 transport	 and	 shaping	 the	 nearby	 highly-tourist	 beaches.	 Inside	 the	
port,	 seawalls	 constitute	 the	 predominant	 artificial	 structure	 all	 along	 the	 canal-port,	
providing	vertical	flat	hard	substrate.	Preliminary	surveys	along	the	Candiano	canal	(Abbiati	
and	 Ponti	 2015,	 unpublished	 data)	 revealed	 that	 dominant	 taxa	 found	 on	 the	 artificial	
structures	 included	 four	bivalve	molluscs:	 two	native	 species	 (Mytilus	galloprovincialis	 and	
Ostrea	edulis)	and	two	non-native	species	(Mytilaster	minimus	and	Crassostrea	gigas).	Other	
species	 retrieved	 were	 ephemeral	 seaweeds	 especially	 Ulva	 spp.,	 Gracilaria	 spp.,	 crabs	
(Carcinus	 aestuarii),	 barnacles	 (Chthamalus	 spp.	 and	Balanus	 perforatus),	 ascidians	 (Ciona	
intestinalis,	 Styela	 plicata),	 and	 a	 low	 rate	 of	 different	 bivalves	 (Xenostrobus	 securis,	
Arcuatula	senhousia,	Brachidontes	pharaonis	and	Ostrea	stentina).	
2.2.	Experiment	design	





















In	 each	 site,	 data	 relative	 to	 the	 environmental	 variables	 (seawater	 pH,	 temperature,	
salinity,	dissolved	oxygen,	visibility,	ammonia,	nitrate,	nitrite	and	phosphate)	were	collected.	
For	each	exposition	in	each	site	3	replicate	measures	were	taken,	for	a	total	of	30	replicates	
of	 environmental	 parameters	 each	 time,	 15	 for	 the	 “north”	 exposition	 and	 15	 for	 the	
“south”	exposition.	To	analyse	the	nutrients	contents,	in	each	site,	3	x	250	ml	of	water	were	
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collected	 and	 put	 into	 an	 obscure	 bottle	 made	 of	 polypropylene	 and	 bring	 back	 to	 the	













2.4.	 Distribution	 of	 native	 and	 non-native	mussel	 and	 oyster	
species	
To	 evaluate	 the	 distribution	 of	 native	 and	 non-native	mussel	 and	 oyster	 species	 scraping	





mussel	 and	oyster	 species	 in	 the	 samples	was	 counted.	 Individuals	were	 separated	 into	 6	
different	size	class	based	on	Bertasi	et	al.	(2007),	using	different	mesh	size	sieves	(Table	4).	





Size	classes	 A	 B	 C	 D	 E	 F	
Mesh	size	(µm)	 >	16000	 16000-8000	 8000-4000	 4000-2000	 2000-1000	 1000-500	
2.5.	Spatial-temporal	variability	of	settlers		
To	understand	if	the	species	distribution	across	the	5	sites	was	related	to	the	settlers	rate,	
the	method	described	by	Porri	et	al.	 (2006b)	was	used.	From	March	 to	 July	2017,	at	each	




pad	 removed	 was	 placed	 into	 a	 plastic	 bag	 with	 zippers.	 Once	 back	 to	 the	 laboratory,	
collected	pads	were	processed	 following	the	protocol	described	 in	Porri	et	al.	 (2006b)	and	
summarised	 below	 and	 in	 Table	 5.	 Each	 pad	 was	 agitated	 in	 bleach	 to	 facilitate	 the	
detachment	 of	 settlers.	 The	 bleach	with	 the	 released	 organisms	 from	 the	 pad	was	 sieved	
through	a	75	μm	sieve	size.	The	retained	settlers	were	collected	from	the	sieved	and	stored	
in	absolute	ethanol	until	analysis.		Settlers	were	counted,	identified,	and	sorted	out	from	the	
other	 organisms	 under	 a	 stereomicroscope	 (Nikon	 SMZ	 15000).	 Given	 the	 difficulties	 in	
discriminating	between	 the	different	 species	by	 shell	morphology	 (except	 for	 individuals	>	
500	 µm),	 a	 barcoding	 approach	 for	 the	 species	 identification	was	 developed	 (see	 section	
2.2.5	for	details).	
Table	5:	Scouring	pad	protocol	(Porri	et	al.,	2006).	



















Before	 starting	 with	 the	 genetic	 analysis,	 a	 bibliography	 research	 on	 National	 Centre	 for	
Biotechnology	Information	(NCBI,	https://www.ncbi.nlm.nih.gov)	was	carried	out	to	retrieve	
all	 the	 sequence	 available	 for	 the	 Cytochrome	 Oxidase	 subunit	 I	 (COI)	 region	 of	 the	
mitochondrial	DNA	since	it	is	considered	a	good	barcode	to	discriminate	bivalves.	The	target	
species	 included	all	 the	ones	 retrieved	by	Abbiati	and	Ponti	 (2015,	unpublished	data).	The	
















the	DNA	 from	 the	 bivalves	 settlers.	 The	methods	 used	were	 two:	 a	 CTAB	protocol	with	 a	
chloroform	washing	step	and	MinElute	PCR	Purification	Kit	(Qiagen,	Hilden,	Germany).	This	
kit	has	a	high	sensitivity	with	low	concentrations	of	DNA	(70	b	–	4	kb).	The	protocol	provided	
by	 (Cilli	 et	 al.,	 2015)	was	performed	using	half	 of	 the	 reagent	 volumes	 specified.	 The	 two	
methods	were	tested	from	1	to	4	settlers	altogether	to	evaluate	their	efficiency.	
2.6.2.	PCR	amplification	protocol	
The	 technique	 of	 polymerase	 chain	 reaction	 (PCR)	was	 used	 to	 amplify	 the	 COI	 region	 of	


























This	 phase	was	performed	 to	 validate	 the	 correct	 PCR	 amplification	 step.	 The	 agarose	 gel	
was	 made	 with	 100	 ml	 of	 TBE	 (Tris/Borate/EDTA	 buffer	 10x,	 Thermo	 Fisher	 Scientific,	
Waltham,	MA,	USA),	1,5	g	of	CSL-AG500	LE	Agarose	MultiPurpose	Agarose	(Cleaver	Scientific	
LTD,	 Rugby,	 UK)	 and	 3	 µl	 of	 GelRed™	 Nucleic	 Acid	 Stain	 10000x	 in	 water	 (Biotium	 INC,	
Fremont,	 CA,	 USA).	 Once	 charged	 the	 DNA	 using	 10x	 Blue	 Juice	 ™	 Gel	 Loading	 Buffer	
(Invitrogen	Corp.,	Carlsbad,	CA,	USA),	and	Sharpmass	™	100	Plus	Ready-to-load	DNA	Ladder	
(EuroClone,	 Milano,	 Italy),	 the	 electrophoresis	 run	 was	 set	 using	 the	 Agagel	 Midi-Wide	




The	PCR	products	were	prepared	 for	 the	sequencing	using	 the	ExoSap-IT	Cleanup	kit	 (USB	








Principal	 coordinate	 Analysis	 (PCoA)	 using	 PRIMER	 v.6	 (Clarke	 and	 Gorley,	 2006)	 was	
performed	to	visualise	difference	among	sites	according	to	their	environmental	variables	(9	
variables	 both	 chemical	 and	 physical,	 see	 Table	 9).	 “chart.Correlation”	 function	 in	 the	
“PerformanceAnalytics”	 R	 package	 (Peterson	 and	 Carl,	 2014)	 was	 used	 to	 detect	 strong	
correlations	 or	 possible	 skewness	 between	 environmental	 variables.	 	 A	 log(x	 +	 1)	
transformation	was	applied	to	nitrate,	nitrite	and	phosphate	concentration	to	correct	right-
skewness	 (Figure	 10).	 Then,	 PCoA	was	 performed	on	 Euclidean	 distance	matrix	 calculated	
from	the	normalised	environmental	data	(as	they	were	expressed	in	different	scales).	
2.7.2.	Spatial	distribution	of	native	and	non-native	mussel	and	oyster	species	
Differences	 between	 sites	 (Site;	 5	 random	 levels	 =	 S1,	 S2,	 S3,	 S4	 and	 S5)	 and	 Exposition	
aspect	 (Exp.;	 2	 fixed	 levels	 =	 n	 and	 s)	 of	 native	 and	non-native	mussels	 and	oysters	were	
tested	 using	 a	 multivariate	 permutation	 analysis	 of	 variance	 (PERMANOVA)	 with	
PERMANOVA+	(Anderson	and	Gorley,	2008)	 for	PRIMER	v.6	(Clarke	and	Gorley,	2006).	The	
PERMANOVA	 analysis	was	 based	 on	 a	 Bray-Curtis	 similarity	matrix	with	 type	 III	 of	 sum	of	
squares,	9999	permutations	and	unrestricted	permutation	of	 raw	data.	Spatial	distribution	











oysters	 assemblages	 between	 sites.	 Then,	 environmental	 variables	 were	 transformed	 and	
normalised	as	described	above.	DistLM	analysis	was	applied	on	Bray-Curtis	similarity	matrix	
of	square	root	abundance	data.	The	analysis	was	performed	using	PERMANOVA+	(Anderson	
and	 Gorley,	 2008)	 in	 PRIMER	 v.6	 (Clarke	 and	 Gorley,	 2006).	 The	 Best	 and	 Bayesian	
Information	 Criterion	 (BIC)	 was	 used	 as	 selection	 procedure	 and	 selection	 criterion	
respectively	 (9999	permutations)	 to	 find	a	 reduced	model	 that	 retained	only	 the	variables	
with	 good	 explanatory	 power.	 Distance-based	 redundancy	 analysis	 (db-RDA)	 was	 used	 to	
visualise	the	reduced	model	obtained.	Moreover,	vectors	showing	the	direction	of	increasing	






Core	 Team,	 2011)	 using	 the	 “gad”	 function	 in	 the	 “GAD”	 R-package	 (Sandrini-Neto	 and	
Camargo,	2016).	Normality	and	homogeneity	of	variance	were	tested	with	the	“shapiro.test”	
and	 the	 “C.test”	 functions	 respectively.	When	 assumptions	 of	 normality	 and	homogeneity	





investigated.	 For	 each	 temporal	 survey,	 the	mean	 values	 of	 settlers	were	 correlated	with	











147.3	m	±	16.6	 (Table	9A).	As	 regards	nutrients,	Ammonia	 ranged	 from	0.61	 to	1.62	mg/l,	
with	a	mean	of	0.95	mg/l	±	0.42.	Phosphate	ranged	from	0.08	to	0.1	mg/l,	with	an	average	of	
0.09	mg/l	±	0.04.	With	a	mean	of	1.00	mg/l	±	0.57,	Nitrite	 varied	 from	0.43	 to	1.38	mg/l.	
Minimum	Nitrate	was	 0	mg/l,	 with	 a	maximum	 of	 0.78	mg/l,	 averaging	 0.19	mg/l	 ±	 0.12	
(Table	9B).	
Table	9:	Means	and	relative	standard	errors	of	physical	variables	(Table	1A)	and	chemical	variables	(Table	1B)	per	each	site;	
minimum	 and	 maximum	 values	 are	 highlighted	 in	 green	 and	 in	 red	 respectively.	 pH	 =	 Seawater	 pH	 T	 =	 Sea	 surface	







temperature;	 sal	 =	 salinity;	 conc.o2	 =	 seawater	 oxygen	 concentration;	 vis	 =	 visibility;	 NO2_b	 =	 log	 +	 1	 of	 nitrite	




the	 total	 variation.	Globally,	6	of	 the	9	environmental	 variables	 showed	a	high	correlation	
with	sites.	S5	seemed	to	group	alone	respect	to	the	other	sites	(S1,	S2,	S3,	S4).	The	isolation	






The	PERMANOVA	analysis	 revealed	 significant	 differences	between	abundances	of	 oysters	
and	mussels	across	sites	and	expositions	(Table	S1;	site,	pseudo	F(df	=	4,	20)	=	74.81,	p	<	0.01;	
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separation	 between	 non-native	 and	 native	 species.	 In	 particular,	 native	 species	 (M.	 gigas	
and	O.	edulis)	increased	towards	S4	and	S5,	while	non-native	species	(X.	securis	and	C.	gigas)	
showed	 an	 opposite	 trend	 in	 a	 direction	 of	 S2	 and	 S1.	 The	 second	 PCoA	 axis	 seemed	 to	
discriminate	 the	 S3	 from	 the	 other	 four	 sites	 (19.3	 %	 of	 explained	 variation).	 The	 S3	 is	
characterised	by	an	increased	abundance	of	the	two	oyster	species	(Figure	11).	
	
Figure	 11:	 PCoA	 of	 abundances	 of	 oysters	 and	 mussels	 across	 sites	 and	 expositions	 (XS	 =	 Xenostrobus	 securis,	 CG	 =	
Crassostrea	gigas,	OE	=	Ostrea	edulis,	MG	=	Mytilus	galloprovincialis).		
3.2.2.	Mussel	species	distribution	




Figure	 12:	Differences	 in	 the	 abundance	 of	M.	 galloprovincialis	 and	X.	 securis	 across	 site	 and	 exposition	 aspect	with	 the	
relevance	of	significance	values	(*	<	0.1,	**	<	0.01,	***	<	0.001).	Black	and	blue	asterisks	represented	significant	differences	
between	species	and	between	exposition	aspect	respectively.	
M.	galloprovincialis	was	absence	in	the	 inner	part	of	the	canal-port	(S1),	while	 it	 increased	
towards	the	outer	part	of	the	port	(S5).	An	appositive	trend	was	observed	for	X.	securis	that	
increased	its	abundance	going	to	the	inner	part	of	the	Candiano	canal	(S1).	The	two	species,	
showed	significant	differences	 in	 the	abundance	 in	sites	S1,	S2	and	S5.	 In	S1	and	S5	 there	
were	significant	differences	in	the	abundance	of	the	same	species	between	north	and	south	
exposition	 aspect	 (Table	 S3).	 The	 total	 number	 of	 individuals	 of	 the	 two	 mussel	 species	
varied	from	1	to	1063	for	M.	galloprovincialis,	and	from	3	to	659	for	X.	securis.		
The	variation	observed	between	the	two	mussel	species	is	supported	by	the	rank	abundance	
analysis.	 The	native	M.	galloprovincialis	 (Figure	 13A)	 reported	 a	 high	population	 structure	
(with	different	size	class	well	represented)	in	S4	and	in	S5.	The	main	represented	size	classes	
were	 16000-8000	µm	 and	 8000-4000	µm.	 The	 size	 class	 16000	µm	was	 present	 in	 all	 the	
sites.		
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Figure	14:	O.	edulis	 and	C.	 gigas	 distribution	 together	with	 the	 relevance	of	 significance	 values	 (**	<	0.01,	 ***	<	0.001).	
Black	and	blue	asterisks	represented	significant	differences	between	species	and	between	exposition	aspect	respectively.	
The	maximum	number	 of	 oyster	 retrieved	 in	 the	wall	 scraping	 for	 each	 species,	O.	 edulis	
(OE,)	and	C.	gigas	 (CG)	was	4	 individuals.	 	 In	S1	any	oysters	were	present,	while	 in	S5,	 the	
only	species	retrieved	was	O.	edulis.	 In	S2,	S3	and	S5	main	difference	 in	the	abundance	of	














21	%,	 12	%	 of	 variability	 of	mussel	 an	 oyster	 species	 abundances	 respectively.	 The	 other	
factors	 (Nitrate,	Nitrite,	 Phosphate	and	Ammonia	 seawater	 concentration)	 instead	did	not	
showed	 significant	 relationships.	 The	 best	 single	 variable	 (Best	 solution,	 Table	 S4B)	
	 33	
modelling	the	distribution	of	these	bivalves	was	the	sea	surface	temperature	(49	%),	while	
the	 combination	 of	 the	 environmental	 parameters	 (sea	 surface	 temperature,	 oxygen	
concentration	and	nitrate)	best	explaining	the	overall	variation	(Overall	Best	solution,	Table	
S4C).	 The	 first	 axis	 of	 dbRDA	 ordination	 explained	 the	 88.5	 %	 of	 fitted,	 50.5	 %	 of	 total	
variation,	 while	 the	 second	 axis	 explained	 the	 11.6	 %	 of	 fitted,	 6.6	 %	 of	 total	 variation	









a	 positive	 relationship	 with	 the	 increase	 of	 sea	 surface	 temperature	 while	 M.	













south	 exposition).	 These	 abundances	 varied	 significantly	 across	 sites	 and	 times	 (Table	 S5,	
Figure	19).	
	







There	 was	 a	 light	 correlation	 between	 adults	 and	 settlers.	 The	 R2	 value	 was	 0.34	 (Figure	

















This	 methodological	 comparison	 showed	 a	 high	 sensitivity	 (75%)	 of	 the	 MinElute	 PCR	
extraction	kit	to	extract	DNA	from	single	bivalve	settlers.	
With	 this	 extraction	 was	 possible	 to	 amplify	 a	 region	 of	 the	 COI	 up	 to	 900	 pb.	 The	 PCR	











edulis)	 and	 2	 non-native	 (X.	 securis,	 C.	 gigas)	 bivalve	 species	 growing	 on	 the	 artificial	
seawalls	of	the	Ravenna	channel-port.	Moreover,	I	observed	their	distribution	was	related	to	
specific	environmental	variables	and/or	to	the	abundance	of	settlers	reaching	these	seawalls	
directly.	 The	main	 results	 showed	 that	 the	 distribution	 of	 native	 intertidal	 bivalve	 species	
decreases	as	going	inland.	On	the	other	hand,	the	gradual	loosing	of	open	sea	conditions	led	
to	 have	 an	 increasing	 in	 non-native	 species	 abundance	 on	 the	 canal-port	 seawalls.	 This	
population	gradient	 is	mainly	 linked	with	 the	 increasing	of	 sea	 surface	 temperatures,	with	
mean	differences	between	the	most	 internal	and	external	site	of	about	2	°C.	Likewise,	 the	





canal-port.	 Sites	 located	 near	 the	 canal-port	 doorway	 are	 more	 affected	 by	 open	 sea	
conditions,	while	the	inland	sites	have	characteristics	similar	to	those	of	closed	water	basin.	
In	particular,	the	site	S5,	that	is	the	closest	to	the	open	sea,	showed	a	high	influence	of	the	
salted	 and	 O2	 rich	 waters	 supplied	 by	 the	 Adriatic	 Sea.	 The	 phosphate	 content	 was	 also	
higher	 in	 S5	 compared	 to	 the	 other	 sites,	 possibly	 due	 to	water	 contributions	 of	 Pialassa	
Baiona	or	 the	Po	 river	waters	 (Airoldi	et	al.,	2016).	Going	 towards	 the	 internal	part	of	 the	
canal-port	(S3,	S2,	S1),	I	observed	an	increase	in	pH	and	nutrients	concentration.	A	pH	major	
than	9.0,	nutrients	increasing	and	lowest	salinity	should	be	related	to	the	presence	of	urban	
drains	 in	 this	 area	 (Airoldi	 et	 al.,	 2016)	 (http://www.provincia.ra.it/).	 Usually	 urban	 drains	




in	 the	 inland	 part	 of	 the	 canal.	 Sea	 surface	 temperature	was	 the	main	 drivers	 of	 species	
distribution	and	abundance.	The	non-native	species,	X.	securis	and	C.	gigas,	 increased	their	
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only	 prefer	 higher	 temperature	 but	 it	 can	 also	 tolerate	 other	 stressors	 related	 to	 the	 air	
exposition	(e.g.	solar	irradiance,	dry-out).		
Native	 and	 non-native	 species	 were	 differently	 abundant	 in	 the	 two	 exposition	 aspects	
investigated.	We	hypothesise	that	these	differences	could	be	explained	by	possible	variation	
in	solar	irradiance	and/or	water	circulation	present	at	each	site.		
Bivalves	 settlers	 abundances	 showed	 a	 significant	 spatial	 and	 temporal	 variability.	 In	
particular,	the	inner	and	outer	parts	of	the	canal-port	seem	to	receive	different	amounts	of	
settlers	 across	 time.	 The	 outer	 part,	 characterised	 by	 a	 high	 abundance	 of	 M.	
galloprovincialis,	 present	 the	maximum	peak	 of	 settlers	 in	March.	 This	 led	 to	 hypothesize	
that	 these	 settlers	 belong	 to	M.	 galloprovincialis,	 as	 it	 was	 observed	 that	 the	 spawning	
period	 of	 this	 species	 occurs	 from	 November	 to	 March	 (Ceccherelli	 &	 Rossi	 1984).	
Conversely,	the	inland	part	of	the	canal-port	presents	a	peak	of	settlers	abundance	in	May,	
when	 seawater	 temperatures	are	higher,	 suggesting	 that	 these	 settlers	 could	belong	 to	X.	
securis	 (Wilson,	1969).	Otherwise,	these	settlers	may	also	belong	to	the	two	oysters	target	
species	 retrieved.	 In	 fact,	 C.	 gigas	 and	 O.	 edulis	 present	 spawning	 overlapped	 spawning	
periods	going	from	the	end	of	May	till	the	end	of	July	(Massapina	et	al.,	1999;	Bataller	et	al.,	
2006).	
The	presence	of	 adult	 bivalves	 on	 the	 artificial	 seawalls	 of	 the	 canal-port	was	moderately	


































Future	experiments	 should	be	carried	out	 to	deepen	 the	knowledge	of	 this	anthropogenic	
environment.	For	example,	will	be	interesting	to:	(i)	 increase	the	number	of	environmental	




the	 dynamics	 that	 lead	 to	 the	 seawall	 colonisation.	 In	 this	 perspective,	 the	 addition	 of	
metabarcoding	 approach	 could	 help	 not	 only	 to	 identify	 at	 what	 species	 belong	 the	








































































































































































































































































































riuscito	 a	 darmi,	 dal	 lavoro	 in	 campo,	 all’elaborazione	 e	 all’analisi	 dei	 dati.	 È	 riuscito	 a	
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